The results of normal-mode analyses are in accord with the proposal that a low-frequency motion of the HhaI methyltransferase enzyme is responsible for base flipping in bound DNA. The vectors of the low-frequency normal mode of residues Ser-85 and Ile-86 point directly to the phosphate and ribose moieties of the DNA backbone near the target base in position to rotate the dihedral angles and flip the base out of the DNA duplex. The vector of residue Gln-237 on the major groove is in the proper orientation to assist base separation. Our results favor the major groove pathway and the protein active process in base flipping.
M
ammalian DNA (cytosine-5)-methyltransferases methylate certain CpG sequences that are believed to modulate gene expression and cell differentiation (1) . Bacterial DNA (cytosine-5)-methyl transferases are a component of restrictionmodification systems and serve as important tools for the manipulation of DNA structure and the analysis of proteinnucleic acid interactions. HhaI methyltransferase (M.HhaI) is one of the many S-adenosyl-L-methionine (AdoMet)-dependent DNA-modifying enzymes found in bacteria, plants, and animals (2) . It catalyzes the AdoMet-dependent methylation of cytosine residues in specific sequences of DNA to give DNA-(5-methyl)cytosine and AdoHcy (S-adenosyl-L-homocysteine) (3) . The 327-aa protein recognizes the sequence 5Ј-GCGC-3Ј (4) in double-stranded DNA and methylates the first cytosine residue to yield 5Ј-G me CGC-3Ј (5).
Base Flipped
The structure of M.HhaI has been characterized extensively by x-ray crystallography in complexes with various forms of its DNA substrate (6) (7) (8) (9) and without the substrate (10) . The enzyme is folded into three parts: a large domain, a small domain, and a hinge region, which correspond to the three sides surrounding a cleft large enough to bind DNA in a binary form (without the DNA substrate) (10) . The large domain (amino acids 1-193 and 304-327) is a mixed alpha͞beta structure consisting of the N-terminal two-thirds of the protein followed by a crossover connection to an alpha helix from the C-terminal. The small domain contains seven strands (amino acids 194-275). The hinge region (amino acids 276-303) connects the two domains by forming the bottom of the cleft.
In a 1994 report of a ternary crystal structure of M.HhaI, its DNA substrate, and the reaction product S-adenosyl-Lhomocysteine (SAM) (6), it was detailed for the first time that the target cytosine in the DNA substrate had swung completely out of the helix and into the active-site pocket of the enzyme. The base had flipped out with a conformational shift of 180°. The DNA binding induces a large-scale movement of the catalytic loop (residues 80-89) closure.
Catalysis is initiated by the attack of Cys-81 to the cytosine C6, followed by a slower transfer of the methyl group from AdoMet to the C5 position (6, 11) . Beta elimination regenerates the active enzyme, and product release dominates k cat . Kinetic isotope studies and molecular dynamics (MD) simulations have shown that AdoMet-dependent methyltransferase uses active-site compressions to assist catalysis (12) (13) (14) (15) .
The Origins of Base Flipping
NMR dynamics studies of the base-flipping motions in the binary M.HhaI-DNA and the ternary M.HhaI-DNA-cofactor systems in solutions show that addition of the cofactor analog S-adenosyl-L-homocysteine greatly enhances the trapping of the target cytosine in the catalytic pocket detected by a clear signal that is attributed to the flipped state of the target base (16) . The enhancement indicates that flipping of the cytosine base out of the DNA helix does not depend on binding of the target base in the catalytic pocket and suggests an active role of the enzyme in the flipping of the base (16) . It is clear from the crystal structures (17) of M.HhaI and substrates containing mismatches [G:A, G:U, or G:AP (AP, abasic)] at the target base that the enzyme does not require a flipped-out cytosine residue as part of its initial recognition mechanism. Particularly interesting is that when M.HhaI binds to an abasic site, it flips the deoxyribose ring and its flanking phosphates into the same conformation that is adopted during base flipping on its normal substrates. It is believed that the push is not on the base, but rather on the sugar-phosphate backbone. Thus, rotation of the DNA backbone may be the key to base flipping, with the base merely carried along with it.
Base-Flipping Pathways
Theoretical methods based on empirical force fields provide alternative ways to view and to study microscopically the dynamics of base flipping in time and in space. It was originally thought that flipping occurred via the minor groove because the M.HhaI DNA recognition domain approached the DNA from the major groove side, blocking this as a potential pathway (6) . DNA-only MD simulations of abasic systems supported the minor groove pathway hypothesis (18) . MD simulations were carried out to reveal the energetic and conformational feature of the base-flipping states via opening into the minor groove or major groove of the double helix (19, 20) . Umbrella sampling methods simulating the opening of the central cytosine base indicated that the minor or major groove pathways had similar energetic barriers. However, the major groove route is generally assumed for steric reasons (21) . Movement of the base from the base stacked position toward the major groove occurs smoothly, providing a structure in accord with the crystal structure of M.HhaI in terms of the backbone conformational change. A major groove pathway is suggested based on free energy calculations of flipping in DNA complexed to M.HhaI (22) . When the target cytosine is replaced by an abasic south-constrained pseudosugar, the resulting crystal structure (23) shows the pseudosugar to be trapped on the DNA major groove side rotated by Ϸ90°about its flanking phosphodiester bonds. This angle corresponds to the mid-point along the flipping pathway. MD calculations suggest that the new crystal structure corresponds to an intermediate stage of the sugar and phosphodiester backbone moieties halfway along the flipping corridor (23) . This finding is consistent with the major groove pathway.
Structural, kinetic, and computational data for M.HhaI are available in abundance. However, the amount of studies for the mechanism of the base flipping in terms of long-time protein dynamics is limited. For example, it is not known which specific residues are involved in the possible pushing of the base out of the DNA helix, and how the ''push'' rotates the backbone and positions the base out of the helix. Normal-mode analysis (NMA) is a method for studying long-time dynamics and elasticity of biological systems. Many studies have shown that the results from NMA can also provide a proper description of the functionally important motions of the protein (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) .
In this study, we probe the low-frequency normal mode of the M.HhaI molecule to understand how this mode of protein motion affects the base-flipping process.
Methods
NMA was performed by using the elastic network model (37) , applying the single-parameter Hookean potential (38) and protein models. Several studies have shown that a single parameter potential is sufficient to reproduce complex slow dynamics in good detail (31, 37, 38) . Moreover, the elastic network model is an efficient way to study the characters and directions of low-frequency motions. A lot of information about the nature of the large conformational changes of biological systems can be obtained from a single normal mode. For example, a single low-frequency normal mode can be found whose direction compares well with the conformational change or gives a good description of the pattern of the atomic displacement as observed experimentally. The single-parameter Hookean potential (38) was also tested, using an all-atom model, on a periplasmic maltodextrin binding protein. The results indicated that the slowest modes closely map the open form going to the closed form (38) .
In our elastic network model, protein residues were represented by their C␣ atoms. To reduce space requirements, 27 residues from the C terminus were removed, leaving 300 residues. A Hessian matrix was constructed by using a force constant of 1 kJ⅐Å Ϫ2 ⅐mol Ϫ1 and a cutoff of 8 Å. The figures showing the normal-mode vectors were generated by using the program VMD (39) . Fig. 1 shows an overall picture of the low-frequency mode of the enzyme interaction. Each arrow in gray represents the direction of motion of the C␣ atom. The enzyme residues are omitted for easier viewing. The DNA backbone structure, the flipped out base, and the cofactor SAM are shown in pink, yellow, and atom color, respectively. In Fig. 1a , in front of SAM and the flipped out base of the large domain (amino acids ) that appear on the right of the figure, there are a group of arrows pointing up toward the phosphodiester and sugar groups of the base-flipped nucleotide in the 5Ј direction. Details of this region and these arrows are shown in Fig. 2 . For the small domain (amino residues 194-275) at the back of the DNA backbone (in pink), there are a group of arrows pointing toward the orphan base guanine of the complementary strand from the major groove. Details of this region are shown in Fig. 3 . Fig. 1b is a top view of Fig. 1a . The arrows representing the large (lower right) and small (upper left) domains qualitatively form two circles moving toward the middle of the DNA duplex. A closer look at Fig. 1a shows that these circles merge at an angle. In Fig. 1b , the group of arrows entering the minor groove (from Fig.  1 a and b) . The orphan guanine and the adjacent bases of the same strand are shown explicitly. Residue Gln-237, shown in a dotted surface fashion, is situated on the major groove side in front of the group of vectors. the right of the helix) point directly toward the phosphodiester and sugar backbone around the flipped base. The arrows entering the major groove from the back (left) of the helix point directly to the complementary orphan guanine. Fig. 2 shows the vectors for residues 79-89 (Phe-79, Pro-80, Cys-81, Gln-82, Ala-83, Phe-84, Ser-85, Ile-86, Ser-87, Gly-88, and Lys-89). These vectors are located in front of the large domain and point up toward the phosphodiester group of the flipped out base (Fig. 1 a and b) . Fig. 2 provides an enlarged local view of the picture. The flipped out base and the adjacent bases of the same strand are shown explicitly to display their relative positions. In Fig. 2a , residue Ser-85 is shown in a dotted surface fashion. The vector of this residue is located on the lower right within the top trio of vectors. Obviously, Ser-85 has direct influence on the phosphodiester and sugar group of the flipped out nucleotide. In Fig. 2b , the vector of residue Ile-86, shown as a dotted surface, is located at the center and on top of the trio of vectors. Ile-86 has direct influence on the phosphodiester group of the flipped out nucleotide. In Fig. 2c , the Ser-87 vector, shown in a dotted surface fashion, is located on the lower left of the top trio of vectors. Because Ser-87 is situated on the minor groove side of the DNA between the adjacent bases, the natural way for the base to flip out must be from the major groove. Possible functions of this residue are to push the cytosine base from the minor groove side or to block the minor groove pathway so as to lead the base to flip toward the major groove pathway. Also, the Ser-87 vector points to the sugar of the adjacent guanine on the 5Ј side. Another possible role of this vector is to push the 5Ј guanine to elongate the backbone and to allow more space for the flipped base.
Results and Discussion
The remaining vectors in Fig. 2 located behind the trio are pushed by the rest of the large domain residues (shown in Fig.  1 a and b) , so they will push the trio of vectors on the top of the closing circle. This group of vectors has an upwards direction toward the phosphodiester group, changing the dihedral conformation and deforming the space between the bases of the adjacent nucleosides. The new configuration may also have elongated the nearby backbone, leaving additional space for the base to flip out.
According to previous crystal structure findings (figure 5 of ref. 18) , the changes in backbone dihedral angles correlate with the base flipping out. The local phosphodiester dihedrals were obtained from the flipped region of nine DNA-methyltransferase crystal structures. For the backbone of the flipped base, there are significant differences in the ␥ and dihedrals. Beyond the flipped base, significant changes also occur in the adjacent dihedral on the 5Ј side and in the ␤ dihedral on the 3Ј side. Perturbations on backbone dihedral angles were also observed by NMR studies (40, 41) . Our study shows that the vectors of the low-frequency normal mode of residues Ser-85 and Ile-86 point directly to the phosphate and sugar groups of the DNA backbone near the target base (Fig. 2 ) in position to rotate the dihedral angles and flip the base out of the DNA duplex. Fig. 3 shows the vectors for the residues 230-240 (Gly-230, Ile-231, Val-232, Gly-233, Lys-234, Gly-235, Gly-236, Gln-237, Gly-238, Glu-239, and Arg-240). These vectors are located in the back of the major groove of the small domain and point toward the complementary orphan guanine base ( Fig. 1 a and b) . Fig.  3 provides an enlarged local view of the region. The orphan guanine and the adjacent bases of the same strand are shown explicitly to display their relative positions. In Fig. 3 , Gln-237 (shown in a dotted surface fashion) is situated on the major groove side in front of the group of vectors. The motion of these vectors is in the proper orientation to assist base separation.
Residues Ser-87 and Gln-237 enter the helix (from the minor and major grooves, respectively) and form a hydrogen bond with each other. Gln-237 also forms three hydrogen bonds with the orphan guanine, which originally complements the target cytosine. Our study shows that Ser-87 is in position to push the cytosine base from the minor groove side or to block the minor groove to lead the base flipping toward the major groove passage. The Gln-237 vector points directly to the orphan guanine, providing the ''push'' to perturb the base-pairing and allowing the side chain to then penetrate into the DNA duplex. However, mutation of Gln 237 to any of the other 19 amino acids (42) shows little change in the enzyme function but greatly reduces the stability of the protein-DNA complex. From our model, this implies that the network of the low-frequency vectors might be unchanged in the mutation such that the ''push'' is still provided, but the hydrogen bonds to the orphan guanine by the mutated residue are altered such that the stability of the protein-DNA complex is affected. Protein sequences may have been designed through evolutionary process to allow the protein to follow the direction of a single mode, because of the shape it happened to have, as a starting point for its large amplitude functional motions.
Our study shows that in low-frequency normal mode, the vectors exert forces directly on the DNA from minor and major groove sides and on the backbone near the target cytosine on the 5Ј end, supporting the conclusion that our results favor the active process and major groove pathway. If backbone rotation is the key to base flipping, then amino acids in the enzyme that interact with the DNA backbone (Ser-85, Ile-86, and Ser-87 in this study) will be the prime candidates for site-specific mutagenesis to probe their functions. The method applied in this study can also be used to test the network of vectors upon mutation.
An earlier MD study (14) , using CHARMM (43, 44) , derived a dynamic cross-correlation map ( figure 2A of ref. 14) based on the high-resolution cr ystal structure of the enzyme⅐cofactor⅐dsDNA structure M.HhaI⅐AdoMet⅐d(CCA-TGCGCTGAC) 2 (pdb6mht.ent) solved at 2.05 Å (9). The cross-correlation map (45-49) was calculated from residueresidue-based correlated motions. Fig. 4 shows the preliminary qualitative assignments of the anticorrelated motions mapped onto the 3D stereo DNA methyltransferase M.HhaI complex molecular structure. Detailed cross-correlations are discussed in the legend of Fig. 4 . The correlated motions, analyzed in a nanosecond time frame (14) , can be summarized qualitatively in three directions (x, y, and z). These motions perturb the active site at higher frequencies (MD time frame) in a molecular breathing fashion. Two amino acid residues are located on opposite sides of the active site that move toward each other (anticorrelated motion) and push the reactants together. The low-frequency motions seen by normal-mode analysis (NMA) close the catalytic loop in the large domain and at the same time f lip the base out of the duplex into the catalytic pocket. It is interesting to note the correlated character of the two circles of normal-mode vector networks revealed in Fig. 1 .
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